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HIGHLIGHTS 


•  ORR  on  Pt  electrode  was  evaluated  in  various  fluorohydrogenate  ionic  liquids. 

•  The  largest  kinetically  limited  current  was  observed  in  EMPyr(FH)i.7F. 

•  Low  yield  of  H202  (about  1.9%)  was  observed  in  EMPyr(FH)i.7F. 

•  Diffusion  coefficients  and  solubilities  of  oxygen  in  various  ionic  liquids  were  determined. 

•  The  estimated  crossover  currents  of  oxygen  were  small  enough  for  practical  use. 
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Various  parameters  related  to  the  oxygen  reduction  reaction  (ORR)  on  a  Pt  electrode  such  as  kinetically 
limited  current  density  (jy),  yield  of  H202  (XH2o2  )>  and  solubility  (C)  and  diffusion  coefficient  (D)  of  oxygen 
were  evaluated  at  298  K  in  fluorohydrogenate  ionic  liquids  (FHILs)  using  the  rotating  ring-disk  electrode 
(RRDE)  method.  The  FHILs  investigated  in  this  study  were  l-ethyl-3-methylimidazolium  fluorohy- 
drogenates  (EMIm(FH)i.3F  and  EMIm(FH)2.3F),  N-ethyl-N-methyl  pyrrolidinium  fluorohydrogenates 
(EMPyr(FH)i.7F  and  EMPyr(FH)2.3F),  trimethylsulfonium  fluorohydrogenate  (Sin(FH)i.9F),  triethyl-n- 
pentylphosphonium  fluorohydrogenate  (P2225(FH)2.iF),  and  5-azoniaspiro[4.4]nonane  fluorohydrogenate 
(AS[4.4](FH)2.oF).  Among  them,  EMPyr(FH)i.7F  showed  the  largest  jk  value  (-1.5  mA  cm-2)  at  0.7  V  vs. 
RHE.  EMPyr(FH)i.7F,  EMPyr(FH)2.3F,  and  P2225(FH)2.iF  showed  small  XH2o2  values  around  1.5%  at  a 
disk  electrode  potential  of  0.2  V  vs.  RHE.  The  C  and  D  values  obtained  for  the  FHILs  were  in  the  ranges 
of  0.23—1.3  mmol  dm-3  and  (1.1— 3.2)  x  1CT5  cm2  s_1,  respectively.  The  crossover  currents  of  oxygen  in 
the  FHILs  were  estimated  using  the  obtained  C  and  D  values,  which  were  of  the  same  order  of  magnitude 
as  that  for  a  0.5  M  H2SC>4  aqueous  solution. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  conventional  perfluorosulfonate  membranes  used  for 
polymer  electrolyte  fuel  cells  (PEFCs)  such  as  Nation®  require  hu¬ 
midification  because  high  proton  conduction  is  only  possible  when 
these  membranes  are  in  the  hydrated  state.  Thus,  the  practical 
operation  temperature  of  conventional  PEFCs  is  limited  to  below 
353  K.  On  the  other  hand,  unhumidified  operation  of  PEFCs  above 
373  I<  has  many  advantages;  (1)  lower  cost  resulting  from  the 
smaller  amount  of  platinum  catalyst  by  the  reduction  of  cathode 
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overpotential,  (2)  more  compact  system  with  no  humidifier  and 
smaller  radiator,  and  (3)  higher  total  energy  efficiency  by  the  effi¬ 
cient  use  of  waste  heat.  Therefore,  developments  of  membrane 
electrolytes  that  can  be  used  at  intermediate  temperatures  without 
humidification  are  very  desirable. 

Several  approaches  have  been  used  for  the  operation  of  PEFCs 
above  353  I<  including  the  introduction  and  modification  of  the  cell 
with  perfluorosulfonic  acid  polymer  membranes  [1-4],  sulfonated 
hydrocarbon  polymer  membranes  [5-8],  acid-base  complex 
membranes  [9-11]  and  polybenzimidazole-based  polymer  mem¬ 
branes  [12—15  .  Such  proton  conductors,  however,  still  exhibit  a 
number  of  problems,  for  example,  insufficient  mechanical  proper¬ 
ties,  and  a  narrow  operational  temperature  range. 
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Polymer  membranes  that  rely  on  room-temperature  ionic  liq¬ 
uids  (RTILs)  have  recently  attracted  considerable  attention 
because  of  their  unique  properties  that  include  low  volatility,  high 
chemical  and  thermal  stabilities,  and  a  wide  electrochemical 
window  [16-24].  Fluorohydrogenate  ionic  liquids  (FHILs)  possess 
high  ionic  conductivity  and  a  wide  liquid-phase  temperature 
range,  which  make  them  favorable  as  electrolytes  for  PEFC  [25- 
32  .  FHILs  contain  fluorohydrogenate  anions  ((FH)nF~,  where  n 
represents  the  average  composition  of  HF  in  the  anion)  as  the 
anionic  species.  Evacuation  of  FHILs  at  higher  temperature  reduces 
their  n  values. 

Fluorohydrogenate  fuel  cells  (FHFCs)  are  fuel  cells  using  FHILs  as 
the  electrolytes  to  generate  electrical  power  through  the  process  of 
fluorohydrogenate  anion  conduction  [33  .  Since  FHFCs  are  not 
based  on  the  conventional  proton  conduction  mechanism  that 
takes  place  in  the  presence  of  water,  they  do  not  require  humidi¬ 
fication.  This  enables  them  to  operate  at  higher  temperatures.  The 
cell  reactions  in  FHFC  can  be  expressed  as  follows: 

For  2  <  n  <  3  in  (FH)nF“, 


EMIm+  EMPyr 


F-H-F 


\ 


F 


(FH)F-  (FH)2F-  (FH)3F- 


Fig.  1.  Structures  of  cations  and  fluorohydrogenate  anions  of  FHILs  used  in  this  study. 


2.  Experimental 


Anode:  H2  +  8(FH)2F~  6(FH)3F“  +  2e~  (1) 

Cathode:  l/202  +  6(FH)3F~  +  2e~  -►  H20  +  8(FH)2F~  (2) 

Total:  H2  +  l/202  —  H20  (3) 

For  1  <  n  <  2  in  (FH)nF~, 

Anode:  H2  +  6FHF-  -►  4(FH)2F~  +  2e"  (4) 

Cathode:  l/202  +  4(FH)2F~  +  2e~  —  H20  +  6FHF-  (5) 

Total:  H2  +  l/202  — ►  H20  (6) 


In  the  first  report  on  FHFCs,  EMIm(FH)nF  (EMIm+:  l-ethyl-3- 
methylimidazolium,  n  =  1.3  and  2.3),  was  used  as  an  electrolyte 
[33].  FHFCs  that  use  composite  membranes  consisting  of 
EMIm(FH)i.3F  and  polymers  demonstrate  a  power  density  of 
20.2  mW  cm-2  at  393  K  [34  .  Recently,  FHFCs  using  N-ethyl-N- 
methyl  pyrrolidinium  fluorohydrogenate  (EMPyr(FH)uF)  have  also 
been  studied,  and  have  exhibited  a  maximum  cell  performance  of 
32  mW  cnrT2  [35].  FHFCs  are  promising  as  a  new  type  of  fuel  cell 
capable  of  operating  at  intermediate  temperatures  without  hu¬ 
midification.  However,  the  cathodic  overpotential  is  larger  than  the 
anodic  overpotential  for  FHFCs,  similar  to  the  other  conventional 
fuel  cells  [36,37  .  The  higher  rate  of  the  oxygen  reduction  reaction 
(ORR)  is  crucial  for  the  improvement  of  cell  performance.  It  was 
found  that  EMPyr(FH)nF  exhibited  a  higher  ORR  activity  on  the  Pt 
electrode  than  did  the  EMIm(FH)nF  [37],  the  reason  for  this  higher 
activity  has  not  yet  been  clarified. 

In  this  study,  the  influence  of  the  cationic  structures  on  the  ORR 
parameters  in  FHILs  has  been  evaluated  at  298  K.  The  FHILs  used  in 
this  study  were  EMIm(FH)i.3F,  EMIm(FH)2.3F,  EMPyr(FH)i.7F, 
EMPyr(FH)23F,  trimethylsulfonium  fluorohydrogenate  (Sm(FH)i.9F), 
triethyl-n-pentylphosphonium  fluorohydrogenate  (P2225(FH)2.iF), 
and  5-azoniaspiro[4.4]nonane  fluorohydrogenate  (AS[4.4](FH)2.oF). 
The  structures  and  physicochemical  properties  [27,28,31,32,35-38] 
of  the  FHILs  used  in  this  study  are  summarized  in  Fig.  1  and 
Table  1,  respectively.  The  following  ORR  parameters  were  deter¬ 
mined  on  a  Pt  electrode;  (1)  kinetically  limited  current  density  (jk), 
which  corresponds  to  the  rate  of  ORR  in  the  absence  of  any  mass- 
transfer  effects,  (2)  yield  of  H202  (XH2o2)  on  Pt,  which  is  the  ratio 
of  the  H202  production  rate  to  that  of  the  overall  ORR,  (3)  solubility 
(C)  and  diffusion  coefficient  (D)  of  oxygen  in  the  FHILs,  which 
correlate  with  the  02  transfer  ability. 


EMIm(FH)23F  and  EMPyr(FH)2  3F  were  prepared  in  the  manner 
previously  reported  [25,28  .  An  excess  of  anhydrous  HF  (Morita 
Chemical  Industry)  was  distilled  onto  EMImCl  (Yoyu  Lab.)  or 
EMPyrCl  (Yoyu  Lab.)  at  77  K,  followed  by  elimination  of  the 
unreacted  HF  and  byproduct  HC1  at  298  K.  EMIm(FH)23F  and 
EMPyr(FH)23F  were  further  evacuated  at  393  K  under  reduced 
pressure  (<1  Pa),  which  yielded  EMIm(FH)i.3F  and  EMPyr(FH)uF, 
respectively  [33-37  .  The  n  values  of  1.3  and  1.7  were  determined 
by  elemental  analyses  using  a  CHN  coder  and  a  fluoride  ion  selec¬ 
tive  electrode. 

Trimethylsulfonium  bromide  (SmBr,  Tokyo  Chemical  Industry 
Co.  Ltd.,  >98%)  was  recrystallized  from  acetonitrile  (Wako  Pure 
Chemical  Industries  Co.  Ltd.,  >99%)  by  adding  ethyl  acetate  (Wako 
Pure  Chemical  Industries  Co.  Ltd.,  >99.5%)  and  dried  under  vacuum 
at  353  K  for  one  day.  Triethyl-n-pentylphosphonium  bromide 
(P2225BL  Nippon  Chemical  Industry  Co.  Ltd.)  was  dried  under  vac¬ 
uum  at  353  I<  for  one  day.  The  synthesis  of  5-asoniaspiro[4.4] 
nonane  bromide  (AS[4.4]Br)  was  completed  using  the  following 
typical  procedure  [38  .  Acetonitrile,  pyrrolidine  (Sigma-Aldrich  Co. 
LLC,  97%),  and  potassium  carbonate  (I<2C03,  Wako  Pure  Chemical 
Industries  Co.  Ltd.,  >99.5%)  were  mixed,  followed  by  addition  of 
1,4-dibromobutane  (Sigma-Aldrich  Co.  LLC,  97%)  with  cooling  at 
273  K.  The  flask  was  connected  to  reflux  apparatus  and  stirred  at 
333  I<  for  6  h.  First  filtration  of  the  contents  in  the  flask  removed 
K2C03  mostly.  Addition  of  ethyl  acetate  to  the  filtrate  resulted  in 
recrystallization  of  AS[4.4]Br.  After  drying  at  333  I<  for  1  day,  the 
remaining  I<2C03  was  removed  completely  by  passing  the  solution 
through  a  column  filled  with  activated  alumina.  Recrystallization 
and  washing  were  repeated  several  times,  followed  by  drying  at 
353  K. 

Sm(FH)i.9F,  P2225(FH)2.iF,  and  AS[4.4](FH)2.0F  were  synthesized 
by  metathesis  of  the  bromides  and  anhydrous  HF  (Daikin  Industries, 
>99%),  which  was  dried  over  K2NiFg  (Ozark  Mahoning),  in  the  same 


Table  1 

Density  (p),  viscosity  (p),  and  conductivity  (cr)  of  EMIm(FH)i.3F,  EMIm(FH)2.3F, 
EMPyr(FH)1.7FEMPyr(FH)2.3FS11,(FH),.9F,P2225(FH)2.iFand  AS[4.4](FH)2.0Fat  298  K. 


pI gem  3 

77/cP 

a/ mS  cm  1 

Refs. 

EMIm(FH)i.3F 

1.17 

12 

33.4 

[36] 

EMIm(FH)2.3F 

1.13 

4.9 

100 

[27] 

EMPyr(FH)i.7F 

1.07 

25 

46.7 

[35,37] 

EMPyr(FH)2.3F 

1.07 

12 

74.6 

[28] 

S,„(FH),.9F 

1.18 

7.8 

131 

[32] 

P2225(FH)2.,F 

0.999 

28 

12.4 

[31] 

AS[4.4](FH)2  0F 

1.13 

16 

82.1 

[38] 
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manner  as  for  EMIm(FH)2.3F  and  EMPyr(FH)2.3F  [31,32,38].  The 
addition  and  elimination  of  anhydrous  HF  were  repeated  several 
times  in  order  to  ensure  the  complete  elimination  of  the  bromide  in 
the  form  of  HBr.  Since  the  evolution  of  HBr  was  sometimes  slow,  the 
pressure  inside  the  closed  vessel  was  monitored  in  order  to  ensure 
that  the  reaction  had  completed.  AgN03  solution  was  used  to  test 
for  the  presence  of  residual  Br~.  The  product  was  titrated  until  there 
was  no  further  precipitation  of  AgBr. 

A  rotating  electrode  system  (Pine  Research  Instrumentation, 
Durham,  NC)  and  a  thermostated,  three-compartment,  PTFE  cell 
were  used  for  the  electrochemical  measurements.  The  working 
electrode  was  a  rotating  ring  disk  electrode  (RRDE)  consisting  of  a 
platinum  disk  5.0  mm  in  diameter  surrounded  by  a  platinum  ring 
with  an  internal  diameter  of  5.5  mm  and  an  external  diameter  of 
8.0  mm  (Pine  Research  Instrumentation,  Durham,  NC).  A  rotating 
disk  electrode  (RDE)  assembly  (Pine  Research  Instrumentation, 
Durham,  NC)  was  used  to  estimate  the  activities  at  Pt.  Pt  disk  was 
used  as  the  working  electrodes  while  a  Pt  wire  was  used  as  the 
counter  electrode.  The  reference  electrode  was  a  reversible 
hydrogen  electrode  (RHE)  made  of  Pt-black.  Electrochemical  mea¬ 
surements  were  conducted  with  the  aid  of  a  potentio/galvanostat 
(IVIUMSTAT,  Ivium  Technologies).  Dry  hydrogen  (purity  >99.999%) 
was  supplied  from  a  hydrogen  generator  (HORIBA  STEC,  Co.,  Ltd.)  at 
a  flow  rate  of  10  mL  min-1  and  dry  oxygen  (Kyoto  Teisan  K.  K., 
>99.999%)  was  supplied  from  a  cylinder  at  the  same  flow  rate.  Prior 
to  the  electrochemical  measurement,  oxygen  was  bubbled  into  the 
cell  for  2  h  in  order  to  saturate  the  electrolyte  with  02. 

3.  Results  and  discussion 

Fig.  2  shows  typical  linear-sweep  voltammograms  for  ORR  on  a 
Pt  rotating  disk  electrode  (RDE)  in  EMPyr(FH)2  3F  at  298  K.  Cathodic 
currents  increase  as  the  rotating  speed  increases,  while  almost  no 
currents  are  observed  under  nitrogen  gas.  From  the  obtained  data, 
kinetically  limited  current  density,  jk,  was  calculated  using  the 
Koutecky-Levich  equation  as  expressed  below  39-42]: 

r1  =  if  +  if  (7) 
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Fig.  3.  Kinetically  limited  current  densities  of  ORR  (jk)  in  EMIm(FH)i.3F  (•), 
EMIm(FH)2.3F  (O),  EMPyr(FH)1.7F  (■),  EMPyr(FH)2.3F  (□),  SmlFH)^  (A), 
P2225(FH)2.1F  ( O ),  and  AS[4.4](FH)2.0F  ( y )  on  Pt  electrodes  at  298  K. 


EMPyr(FH)i.7F,  EMPyr(FH)2.3E,  Sui(FH)i.9F,  P2225(FH)2.1F,  and  AS 
[4.4](FH)2.oF  at  298  K.  The  values  of  jk  at  0.7  V  vs.  RHE  have  been 
summarized  in  Table  2.  Very  small  ORR  currents  were  observed  for 
EMIm(FH)i.3F,  EMIm(FH)2.3F,  and  Sin(FH)i.9F.  These  results  may  be 
explained  by  the  adsorption  of  ILs  on  Pt  surface.  The  adsorbability 
of  these  ILs  onto  Pt  surface  may  be  very  high  compared  to  that  of 
other  ILs.  Since  the  active  sites  for  ORR  are  occupied  by  the  ILs,  the 
ORR  activity  may  be  significantly  low. 

The  largest  jk  value  of  1.5  mA  cm-2  and  the  most  positive  onset 
potential  (approximately  0.9  V  vs.  RHE)  were  observed  in 
EMPyr(FH)i.7F.  This  jk  value  is  approximately  one  sixth  of  that  seen 
on  Pt  at  0.7  V  vs.  RHE  in  0.1  M  H2S04  [43  .  According  to  the  study  by 
Munakata  et  al.  on  three  different  protic  ionic  liquids  based  on 
perfluoroalkylsulfonylimides  (H-N(S02(CF2)nF)2,  n  =  0-2),  the 
ORR  activity  depends  on  the  degree  of  ion  adsorption  on  the 
electrode  surface  [44  .  By  analogy,  the  high  ORR  activity  found  for 
EMPyr(FH)i>7F  may  result  from  the  much  weaker  adsorption  of 
EMPyr+  onto  the  electrode. 

Tafel  plots  of  jk  in  FHILs  on  Pt  electrodes  at  298  K  are  shown  in 

Supporting  information,  Fig.  S-l.  Except  for  EMIm(FH)i.3F,  Tafel 
slopes  range  from  0.16  V  to  0.20  V,  as  listed  in  Table  S-l  (supporting 


jd  =  0.62nFD2/3  Cv~ 1  /6  w1  /2  (8) 

where  j,  jd,  n,  F,  v,  and  to  denote  the  observed  current  density, 
diffusion-limited  current  density  (so-called  Levich  current),  reac¬ 
tion  electron  number,  Faraday  constant,  kinematic  viscosity  (the 
ratio  of  dynamic  viscosity  to  the  electrolyte  density)  and  the 
rotating  speed  of  the  disk  electrode,  respectively.  Fig.  3  shows  the 
value  for  jk  on  a  Pt  electrode  in  EMIm(FH)i.3F,  EMIm(FH)2  3F, 


Fig.  2.  Linear- sweep  voltammograms  for  ORR  on  a  Pt  RDE  in  EMPyr(FH)23F  at  298  K. 
Scan  rate  =  10  mV  s'1.  Rotating  speed  =  100-625  rpm.  For  comparison,  the  result 
under  nitrogen  atmosphere  at  625  rpm  is  also  plotted  with  a  dashed  line. 


Table  2 

Kinetically  limited  current  density  (jk),  yield  of  H202  on  Pt  (XH2o2),  number  of 
electrons  associated  with  ORR  (n),  solubility  (C)  and  diffusion  coefficient  (D)  of  ox¬ 
ygen,  and  the  current  density  caused  by  oxygen  crossover  (/crossover)  of  EMIm(FH)i.3F, 
EMIm(FH)2.3F,  EMPyr(FH):.7F,  EMPyr(FH)2.3F,  Sm(FH)w¥,  P2225(FH)2.1F,  AS 
[4.4](FH)2  0F,  0.1  M  H2S04,  0.5  M  H2S04,  Nafion®,  EMImBF4  and  DEMATfO  at  298  K, 
and  BMPyrTFSI  at  303  K. 


Ukla/ 

mA  cm 

^h2o2  !°/o  n 

2 

Cl 

mmol 
dm  3 

10  6D/ 
cm2  s 

./crossover  / 

1  mA  cm-2 

Refs. 

EMIm(FH)1.3F 

— 

6.4 

3.9 

0.48 

11 

0.39 

[36] 

EMIm(FH)2.3F 

— 

21 

3.6 

0.48 

33 

1.1 

This  study 

EMPyr(FH)1.7F 

1.5 

1.6 

4.0 

0.58 

16 

0.49 

This  study 

EMPyr(FH)2.3F 

0.38 

1.9 

4.0 

0.83 

24 

1.5 

This  study 

S,,,(FH),  9F 

— 

— 

— 

0.23 

25 

0.46 

This  study 

P2225(FH)2,,F 

0.033 

1.2 

4.0 

1.3 

13 

1.2 

This  study 

AS[4.4](FH)2  0F  0.027 

2.7 

3.9 

0.51 

32 

1.3 

This  study 

0.1  M  H2S04 

9.8 

— 

— 

— 

— 

— 

[44] 

0.5  M  H2S04 

— 

<1 

— 

1.1 

18 

1.5 

[45,51] 

Nafion® 

— 

— 

— 

1.4 

0.58 

0.063 

[52] 

EMImBF4 

— 

— 

— 

1.1 

17 

0.41 

[53] 

DEMATfO 

— 

— 

— 

1.79 

11 

1.5 

[54] 

BMPyrTFSI6 

0.82 

— 

— 

2.9 

12 

2.6 

[55] 

a  At  0.7  V  vs.  RHE. 
b  At  0.2  V  vs.  RHE. 

c  The  electrolyte  thickness  is  assumed  to  be  50.8  pm. 

d  Original  data  was  measured  for  Nafion®117  (177.8  pm)  immersed  in  water. 
e  At  303  K. 
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information).  Since  these  values  are  larger  than  the  well-known 
value  of  0.12  V  for  ORR  in  protic  electrolytes,  further  consider¬ 
ation  is  necessary  for  the  elucidation  of  ORR  mechanism  for  these 
FHILs.  From  the  extrapolations  of  the  Tafel  plots  to  1.23  V  vs.  RHE, 
the  exchange  current  densities  (jo)  were  estimated,  as  shown  in 
Table  S-l  (supporting  information).  The  highest  jo  of 
2.2  x  10  3  mA  cm-2  was  obtained  for  EMPyr(FH)i.7F.  For 
EMIm(FH)i.3F,  it  is  difficult  to  estimate  the  Tafel  slope  and  exchange 
current  density  due  to  the  abnormal  shape  of  the  plot. 

The  yield  of  H2O2  (XH2o2)  in  the  ORR  was  determined  using  the 
rotating  ring  disk  electrode  (RRDE)  method.  Steady-state  disk  cur¬ 
rents  at  0.2  V  vs.  RHE  and  steady-state  ring  currents  at  1.5  V  vs.  RHE 
were  measured.  If  H2O2  is  produced  at  the  disk  electrode  in  addi¬ 
tion  to  H2O,  the  produced  H2O2  is  oxidized  at  1.5  V  (see  Supporting 
information,  Fig.  S-2).  When  a  disk  potential  becomes  more  nega¬ 
tive  than  0.3  V,  ring  currents  start  increasing.  XH2o 2/%  can  be 
calculated  from  the  following  equations  [45]: 


xh2o2 


2/r/N 
Id  +  /r/N 


x  100 


where  JD,  /r,  and  N  denote  the  disk  current,  the  ring  current,  and  the 
collection  efficiency,  respectively.  At  a  disk  potential  of  0.2  V,  XH2o2 
was  calculated  to  be  8.4%.  It  has  been  reported  that  strong  adsor¬ 
bates  such  as  Cl-  and  Br-  inhibit  the  four-electron  reduction  of  O2 
to  produce  H2O,  while  the  two-electron  reduction  of  O2  to  produce 
H2O2  also  proceeds,  resulting  in  highXH2o2  values  [46-48]. 

Xh2o2  values  in  EMIm(FH)2.3F,  EMPyr(FH)1.7F,  EMPyr(FH)2.3F, 
P2225(FH)2.iF,  and  AS[4.4](FH)2.oF  at  the  Pt  electrode  at  298  K  were 
also  calculated,  and  are  given  together  with  the  value  for 
EMIm(FH)i.3F  in  Table  2.  As  expected  from  their  low  ORR  activities, 
EMIm(FH)i.3F  and  EMIm(FH)2.3F  showed  very  high  XH2o2  values 
compared  with  other  FHILs.  The  XH2o2  values  of  EMIm(FH)i.3F  was 
8.4%  and  that  of  EMIm(FH)2.3F  was  21%.  One  possible  explanation 
for  the  high  XH2o2  values  is  that  the  adsorption  of  ILs  on  Pt  surface 
hinders  the  four-electron  path  resulting  in  the  low  ORR  activity  and 
pushing  towards  the  two-electron  H2O2  path. 

The  Xh2o2  value  in  Sin(FH)i.gF,  however,  cannot  be  determined 
due  to  a  large  anodic  current  corresponding  to  the  decomposition 
of  Sni(FH)i.gF.  Cyclic  voltammograms  on  a  Pt  electrode  in 
Sih(FH)i.9F  at  298  K  under  02  atmosphere  are  shown  in  Supporting 
information,  Fig.  S-3.  In  a  previous  report,  the  anodic  current  was 
not  observed  in  such  a  potential  region  under  an  inert  atmosphere 
[32].  Hence,  the  electrochemical  stability  in  the  positive  potential 
region  may  have  been  changed  under  the  oxygen  atmosphere. 
Since  a  very  small  ORR  current  was  observed  in  Fig.  3,  a  high  XH2o2 
value  is  predicted  from  the  same  reason. 

Xh2o2  values  in  EMPyr(FH)i.7F,  EMPyr(FH)2.3F,  and  P2225(FH)2.iF 
were  around  1.5%.  These  values  were  smaller  than  those  observed 
for  EMIm(FH)i.3F,  EMIm(FH)2.3F,  and  Sm(FH)i.gF  and  were  slightly 
higher  than  those  seen  for  the  0.5  M  aqueous  solution  of  H2SO4 
(<1%  [45]).  This  means  that  the  interaction  of  these  cations  with 
the  Pt  electrode  was  weak,  which  is  consistent  with  the  large  value 
for  jk  and  the  positive  onset  potential  shown  in  Fig.  3. 

The  C  and  D  values  for  oxygen  were  determined  by  hydrody¬ 
namic  chronocoulometry  using  an  RDE.  As  a  typical  example,  the 
experimental  procedure  and  the  obtained  data  are  shown  for  the 
case  of  EMPyr(FH)2.3F.  Firstly,  linear-sweep  voltammograms  were 
measured  for  ORR  on  a  Pt  RDE  in  EMPyr(FH)2.3F  at  298  K,  as  shown 
in  Fig.  2.  From  the  shapes  of  the  voltammograms,  the  electrode 
reaction  is  regarded  as  diffusion-controlled  at  0.2  V  vs.  RHE.  Then, 
hydrodynamic  chronocoulometry  was  conducted  at  this  potential. 
Fig.  4  shows  the  hydrodynamic  chronocoulometric  curves  obtained 
by  the  potential  step  method  in  which  a  stepwise  potential  was 
applied  from  the  rest  potential  up  to  0.2  V  vs.  RHE  on  a  Pt  RDE  in 


t  /  s 

Fig.  4.  Hydrodynamic  chronocoulometric  responses  for  ORR  on  a  Pt  RDE  in 
EMPyr(FH)2.3F  at  0.2  V  vs.  RHE  at  298  K. 


EMPyr(FH)2.3F  at  298  K.  There  is  a  linear  relationship  between  the 
charge,  Q  and  the  time,  t,  in  the  region  from  3  s  to  5  s  for  both  cases. 
According  to  Tsushima  et  al.  [49  ,  such  a  linear  relationship  can  be 
expressed  by  the  following  equations: 

Q  =  Qintercept  T"  I^t  (10) 


where  Qintercept  denotes  the  Q-intercept  of  the  straight  line,  and  7d 
denotes  the  diffusion  limited  current,  which  corresponds  to  the 
gradient  of  the  straight  line.  Qintercept  and  7d  are  expressed  by  the 
following  equations: 


Qintercept 


0.3764  nFAC  x  1.610 D^V^W1/2 
X  (l  +  0.2980Sc“1/3  +  0.1451  Sc~2/3) 


Qadsorption 


/d  =  jdA  =  nfi4DC/l.610D1/3^1/6w-1/2 
x  (l  +  0.2980Sc“1/3  +0.1451SC-2/3) 


(11) 


(12) 


where  Qadsorption,  A,  and  Sc  denote  the  charge  passed  in  electrolysis 
of  the  adsorbed  species,  the  disk  electrode  surface  area,  and  the 
Schmidt  number,  which  is  re-expressed  by  the  ratio  of  the  kine¬ 
matic  viscosity  to  the  diffusion  coefficient  of  O2,  respectively.  The 
plots  of  jd  against  w1/2  and  Qintercept  against  for  each  FHIL  are 
presented  in  Supporting  information,  Figs.  S-4  and  S-5,  respec¬ 
tively.  In  the  present  study,  the  number  of  electrons  associated  with 
ORR,  n,  was  calculated  fromXH2o2  using  the  following  equation: 


n 


xh202\  2xh202 

100  )  100 


(13) 


The  values  of  n  are  listed  in  Table  2.  For  Siii(FH)i.gF,  the  n  value 
was  unable  to  be  calculated  because  the  XH2o2  value  could  not  be 
determined.  Thus,  it  was  assumed  to  be  4  (four  electron  reduction) 
in  the  calculation  of  C. 

The  plots  of  jd  against  w1/2  and  Qintercept  against  w-1^2  show  a 
linear  relationship.  From  each  gradient,  the  values  of  C  and  D  were 
determined  by  combining  Eqs.  (11)  and  (12).  The  C  and  D  values 
for  EMIm(FH)i.3F,  EMIm(FH)2.3F,  EMPyr(FH)i.7F,  EMPyr(FH)2.3F, 
Shi(FH)i.9F,  P2225(FH)2.iF,  AS[4.4](FH)2.oF  are  given  in  Table  2.  It 
has  been  reported  that  the  solubilities  of  hydrogen  and  oxygen  in 
ionic  liquids  correlate  with  their  free  volumes  [37,50  .  Assuming 
that  oxygen  occupies  the  free  space  in  ionic  liquids,  a  smaller  C 
value  should  be  attributable  to  a  smaller  free  volume  in  that  ionic 
liquid.  The  smallest  C  value  in  the  present  FHILs  is  observed  for 
Sm(FH)i.gF,  suggesting  that  it  has  the  smallest  free  volume,  which 
is  consistent  with  it  having  the  most  compact  ion  size  of  S|n.  On 
the  other  hand,  P2225(FH)2.iF  has  the  most  bulky  cation  in  the 
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series,  giving  it  the  largest  free  volume  for  these  liquids.  As  a 
result,  it  exhibits  the  highest  C  value.  The  D  values  tend  to 
decrease  with  increasing  viscosity,  which  is  typical  for  diffusion 
coefficients  in  ionic  liquids.  For  comparison,  the  C  and  D  values  in 
0.5  M  H2S04  [51],  Nation®  [52],  EMImBF4  [53]  and  DEMATfO  [54] 
at  298  K,  and  BMPyrTFSI  [55  at  303  I<  are  also  given  in  Table  2.  The 
C  values  obtained  for  the  FHILs  are  in  the  region  of  0.2- 
1.3  mmol  dm”3  and  are  not  much  different  from  those  for  Nation®. 
However,  the  D  values  are  rather  large  in  comparison  with  those  in 
Nation®,  which  is  a  solid. 

The  reaction  electron  number  (n)  can  also  be  calculated  by 
substituting  the  obtained  C  and  D  values  in  Eq.  (8).  For  example,  in 
the  case  of  EMIm(FH)2.3F,  the  n  value  was  calculated  to  be  3.8  at 
100  rpm.  This  value  is  not  much  different  from  the  n  value  calcu¬ 
lated  from  Eq.  (13)  using  the  ring  data  (3.6). 

For  the  application  to  fuel  cells,  too  high  C  and  D  values  can  cause 
a  large  amount  of  O2  crossover  from  the  cathode  to  the  anode.  On  the 
contrary,  too  low  C  and  D  values  hinder  the  supply  of  02  to  the 
cathode.  In  order  to  evaluate  the  amount  of  O2  crossover,  the  current 
density  caused  by  the  crossover  of  oxygen  from  cathode  to  anode 
(/crossover)  has  been  calculated.  The  following  assumptions  were  used 
in  this  calculation:  (1)  the  electrolyte  thickness  is  50.8  pm,  which  is 
equal  to  that  of  the  Nation®  212  membrane  used  in  the  present  study, 
and  (2)  the  reaction  of  the  oxygen  at  the  anode  is  ORR  on  a  Pt  elec¬ 
trode.  Firstly,  the  permeability  of  oxygen  (CD)  was  calculated.  Then, 
the  permeation  rate  was  obtained  by  dividing  the  permeability  with 
the  thickness  of  electrolyte.  Finally,  the  crossover  current  was 
calculated  by  multiplying  the  permeation  rate  with  4F.  The  calculated 
./crossover  for  FHILs,  0.5  M  H2S04,  Nation®,  EMImBF4  and  DEMATfO  at 
298  K,  and  BMPyrTFSI  at  303  K  are  listed  in  Table  2.  It  has  been  re¬ 
ported  that  a  single  cell  using  the  EMPyr(FH)i.7F-HEMA  (9:1)  com¬ 
posite  membrane  exhibited  a  maximum  current  density  of 
150  mA  cm-2  [35  .  This  value  was  much  larger  than  the  value 
calculated  for  jc r0ssover,  indicating  that  the  crossover  currents  are 
negligible  for  the  fuel  cell  applications  of  FHILs. 

4.  Conclusions 

In  this  study,  the  ORR  was  investigated  in  an  attempt  to  improve 
the  performance  of  fluorohydrogenate  fuel  cells  from  the  viewpoint 
of  the  electrolyte.  The  influence  of  different  cationic  species  on  the 
ORR  parameters  was  evaluated  on  a  Pt  electrode  in  EMIm(FH)i.3F, 
EMIm(FH)2.3F,  EMPyr(FH)17F,  EMPyr(FH)2.3F,  Sni(FH)i.9F, 
P2225(FH)2.iF,  and  AS[4.4](FH)2.oF  at  298  K.  The  ORR  parameters 
were  kinetically  limited  current  density  (ji<),  H2O2  yield  (XH2o2), 
solubility  (C),  and  diffusion  coefficient  (D)  of  oxygen.  EMPyr(FH)uF 
showed  the  largest  jk  value  that  could  be  explained  by  the  low 
adsorbability  of  the  EMPyr+  at  the  Pt  surface  as  a  result  of  the 
weaker  interaction  between  EMPyr+  and  Pt.  The  XH2o2  values  in 
EMPyr(FH)uF,  EMPyr(FH)2.3F,  and  P2225(FH)2.iF  were  1.6,  1.9,  and 
1.2%,  respectively.  The  C  and  D  values  in  these  FHILs  were  consid¬ 
ered  to  be  appropriate  for  fuel  cell  application;  the  estimated 
crossover  currents  were  small  enough  in  comparison  to  the  cur¬ 
rents  in  practical  use. 
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